The present study investigated the effects of microwave (MW) radiation applied under a sublethal temperature on Escherichia coli. The experiments were conducted at a frequency of 18 GHz and at a temperature below 40°C to avoid the thermal degradation of bacterial cells during exposure. The absorbed power was calculated to be 1,500 kW/m 3 , and the electric field was determined to be 300 V/m. Both values were theoretically confirmed using CST Microwave Studio 3D Electromagnetic Simulation Software. As a negative control, E. coli cells were also thermally heated to temperatures up to 40°C using Peltier plate heating. Scanning electron microscopy (SEM) analysis performed immediately after MW exposure revealed that the E. coli cells exhibited a cell morphology significantly different from that of the negative controls. This MW effect, however, appeared to be temporary, as following a further 10-min elapsed period, the cell morphology appeared to revert to a state that was identical to that of the untreated controls. Confocal laser scanning microscopy (CLSM) revealed that fluorescein isothiocyanate (FITC)-conjugated dextran (150 kDa) was taken up by the MW-treated cells, suggesting that pores had formed within the cell membrane. Cell viability experiments revealed that the MW treatment was not bactericidal, since 88% of the cells were recovered after radiation. It is proposed that one of the effects of exposing E. coli cells to MW radiation under sublethal temperature conditions is that the cell surface undergoes a modification that is electrokinetic in nature, resulting in a reversible MW-induced poration of the cell membrane.
The effects of MW radiation on microorganisms have been studied and debated for more than half a century (3, 4, 10, 12, 17, 20, 28, 29, 35) . The nature of the debate surrounding this interaction has often referred to the existence of so-called specific microwave (MW) effects that are nonthermal in nature (4, 10, 13, 17, 20, 28, 29) . Much has been published supporting the notion that a range of specific MW effects exist and can be identified in terms of their manifestations on cell physiology (2, 4, 10, 13, 27, 28) . For example, Dreyfuss and Chipley examined the effects of MW radiation (2. 45 GHz) at sublethal temperatures on the metabolic activities of a range of enzymes expressed by the bacterium Staphylococcus aureus (10) . These results suggested that MW radiation affected S. aureus cells in a way that could not have been explained solely by thermaleffect theories. It has also been found that Burkholderia cepacia bacteria could be wholly inactivated using MW radiation at sublethal temperatures at a frequency of 20 GHz (2). Samarketu et al. (25) examined the effects of MW radiation at a frequency of 9.575 GHz on the physiological behavior of Cyanobacterium dolium (Anabaena dolium). The authors suggested that MW radiation nonthermally induced different biological effects by changing the protein structures by differentially partitioning the ions and altering the rates and/or directions of biochemical reactions (25) . It was also suggested that the turbidity of the cell suspension, protein, carbohydrate, chlorophyll a, carotenoids, and phycocyanin of microwave-exposed samples were inversely correlated with higher modulation frequencies (25) . Previous studies completed by our research group have also demonstrated that sterilization of raw meat (28) , as well as transplant biomaterial (27) , could be achieved using MW radiation under defined MW settings and solute concentrations. To date, however, no available research has demonstrated a solid understanding of how MW radiation (at a defined range of frequencies) causes certain effects on microorganisms and why they occur.
In light of the paucity of knowledge surrounding the existence of specific MW effects on bacteria, the aim of the present study was to investigate the electromagnetic effects of MW radiation under carefully defined and controlled parameters. Escherichia coli cells were processed at sublethal temperatures, and various techniques, including scanning electron microscopy (SEM) and confocal laser scanning microscopy (CLSM), were used to monitor cellular viability, morphology, and membrane permeability following the MW treatment. The theoretical evaluations of the electromagnetic effects of MW radiation on prokaryotic cells and/or cellular membranes were discussed in light of the proposed electrokinetic nature of MW radiation and to confirm experimental observations.
MATERIALS AND METHODS
Bacterial strain, cultivation procedure, and sample preparation. E. coli ATCC 15034 was used as a test strain in all experiments. The bacterium was obtained from the American Type Culture Collection. Pure cultures were stored at Ϫ80°C in nutrient broth (NB) (Oxoid) supplemented with 20% (vol/vol) glycerol. The bacteria were routinely cultivated for 24 h on nutrient agar (NA), (Oxoid). Working bacterial suspensions were freshly prepared for each independent experiment as described elsewhere (27, 28) . The cell density was adjusted to 10 8 CFU per ml (optical density at 600 nm [OD 600 ] ϭ 1.0) in 10 mM phosphatebuffered saline (PBS), pH 7.4, using a spectrophotometer (Amersham Biosciences; Gene Quant Pro) from a bacterial culture grown overnight in 100 ml NB. Bacterial cells were collected during the logarithmic phase of growth as confirmed by growth curves (data not shown). The bacterial cell suspensions were further subjected to direct counting, using a hemocytometer to confirm the number of bacterial cells as described elsewhere (27) . Bacterial samples for MW analysis comprised 2 ml of working suspensions that were transferred into a micro-petri dish (35-mm diameter; Griener).
Microwave apparatus. The MW apparatus that was used in the present study had the option of a variable frequency ranging from 5 to 18 GHz (Lambda Technologies; Vari-Wave Model LT 1500). The LT 1500 is a computer-controlled variable-frequency processing cavity for delivering excellent levels of control and uniformity of energy distribution into a multimode microwave cavity. A schematic diagram of the MW apparatus setting has been provided elsewhere (28) . Both the amplitude and frequency of the microwave power could be varied, allowing a significant expansion of the parameter space within which the system could be optimized. A data-logging option allowed processed-data capture from the embedded computer system over a standard RS-232-C serial interface. A cavity characterization option was also available, which allowed an evaluation of the performance of material in the cavity to assist in determining the optimum processing conditions. Microwave settings. Each bacterial sample was transferred into the MW chamber. The chamber had its core temperature monitored through the attachment of a fiber optic probe. In order to minimize thermal MW effects, the bulk temperature rise of the bacterial suspension during exposure was maintained below 40°C, since that was the temperature at which the bacteria were determined to be unaffected by heat. Given that MW frequency is inversely correlated with wavelength, the highest available frequency (18 GHz) was used in all experiments, as it produced the shortest wavelength that is comparable to the bacterial cell diameter and would therefore have the maximum effect on cell kinetics.
For uniformity of exposure, each sample was placed onto a ceramic pedestal (Pacific Ceramics Inc.; PD160; εЈ [real part of complex permittivity] ϭ 160; loss tangent Ͻ 10 Ϫ3 ) in the same position in the chamber that had been determined by electric field modeling using CST Microwave Studio 3D Electromagnetic Simulation Software (Fig. 1a) .
The experimental apparatus for the MW treatment involved placing the sample in a predetermined location within the MW chamber and subjecting it to a specified radiation treatment at a heating rate of 20°C/min for 1 min, thereby maintaining the temperature rise from 20°C to 40°C. In order to maximize the specific electromagnetic MW effect, a previously optimized "repeated-exposure" technique was employed (27, 28) . Each sample was exposed to MW radiation for three consecutive exposures, with the sample allowed to cool to 20°C on ice (at a rate of 10°C per min) between exposures. The temperature profile (by time) is illustrated in Fig. 2 .
Thermally heated control samples. In order to ensure that any effects caused by MW radiation were not purely a result of thermal heating, a control sample was used. A Peltier plate heating/cooling system (TA Instruments) was used to replicate the temperature gradients being experienced by the bacteria during MW processing. A total volume of 2 ml of working bacterial suspension was placed onto the Peltier plate and subjected to heating from 20°C to 40°C at a rate of 20°C per min for three consecutive exposures, with cooling times identical to those for MW treatment (at a rate of 10°C per min) between trials (Fig. 2) . All experiments using MW-treated samples (in triplicate) were performed in parallel with the Peltier plate-heated samples. 
SEM analysis.
A field emission scanning electron microscopy (FeSEM) Zeiss Supra 40VP was used to obtain high-resolution images of the bacterial cells according to a previously developed protocol (27) . Primary beam energies of 3 to 15 kV were used, which allowed features on the sample surface or within a few micrometers of the surface, respectively, to be observed.
Immediately following radiation and Peltier plate treatment, 100-l aliquots of the bacterial suspensions were transferred onto a glass coverslip. Half of the samples were immediately washed with distilled water, air dried (this process took less than 60 s to complete), and then sputter coated with gold prior to being imaged according to a previously developed laboratory protocol (22) . The remainder of the samples were left to stand for 10 min and then transferred to a coverslip, washed, dried, and sputter coated. This was performed to identify any changes in cell morphology following exposure to MW radiation and to determine whether these changes were reversible with time. The control for these experiments consisted of 100 l of untreated bacterial suspension that was transferred onto a glass coverslip, washed with distilled water, air dried, and sputter coated with gold.
Approximately 20 SEM images taken at ϫ5,000 magnification were analyzed. The recorded densities have estimated errors of approximately 10% due to local variability in the coverage. The number of cells observed from the SEM images prior to and following treatment was transformed into a number of bacteria per unit area, and the percentage of affected cells was calculated accordingly. Statistical data processing was performed using SPSS 16.0 software (SPSS Inc., Chicago, IL).
CLSM analysis. CLSM analysis was performed in order to determine whether the bacterial cell membrane was damaged as a result of MW radiation exposure, thus allowing cell permeability. A fluorescent-dye probe (fluorescein isothiocyanate [FITC]-dextran; 150 kDa; Sigma-Aldrich) was added to the bacterial suspension at a concentration of 25 g/ml. The bacterial suspensions were then subjected to MW radiation and Peltier plate treatment at the optimized settings. Following radiation and Peltier plate treatment, 1 ml of each suspension was washed twice and resuspended (centrifugation at 5,000 rpm for 3 min and removal of the supernatant). A 20-l volume of each suspension was then transferred to a glass slide and viewed using an Olympus FluoView FV1000 Spectroscopic Confocal System, which included an inverted Olympus IX81 Microscope System (20ϫ, 40ϫ [oil] , and 100ϫ [oil] universal infinity system [UIS] objectives) and operated using multiple Ar and HeNe lasers (458, 488, 515, 543, and 633 nm). The control for these experiments consisted of 1 ml of untreated bacterial suspension mixed with the fluorescent probe and processed simultaneously with the treated bacterial suspensions. Approximately 15 CLSM images were analyzed (5 images per treatment group).
In order to tentatively determine the sizes of the formed pores, an experimental equation (equation 1) that takes into account the radius of the dextran molecule in relation to its molecular weight (14) was used.
Radius of dextran molecule (Å) ϭ 0.33(MM) 0.46 (1) where MM is molecular mass (Da).
Cell viability. In order to investigate the effects of MW processing on bacterial cell growth/viability, working bacterial suspensions were subjected to MW radiation or Peltier plate treatment. Samples were then diluted to a concentration of approximately 300 CFU/ml as described elsewhere (27) , and 100 l of each suspension was spread onto NA plates and incubated for 36 h at 37°C. The control for these experiments consisted of an untreated bacterial suspension that was processed simultaneously with the treated samples. Evaluation of colony formation (in CFU) and the corresponding statistical analysis were performed as described elsewhere (27, 28) .
Theoretical background. This study was designed using accurately controlled experimental conditions and well-defined MW radiation parameters. The modeling of the distribution of the electric field using CST Microwave Studio 3D Electromagnetic Simulation Software allowed us to determine the electrical field absorbed by the sample. This value was estimated to be ϳ1,500 kW/m 3 (Fig. 1b) . Theoretical calculations were also employed to validate the modeling analysis. Equation 2 depicts a theoretical calculation using the general thermodynamic formula for absorbed power.
where ⌬T is the increase in the mean temperature of the heated body; P is microwave power used for heating (in W); V, c, and are volume, heat capacity, and density (in m ⌬T is equal to 20°C, and t is equal to 60 s, the power absorbed by the sample was calculated to be approximately 1,600 kW/m 3 . A further calculation was completed to verify the absorbed power in an MW-processing system. The value of the MW power absorbed in the unit volume of the heated load (P v ) is described theoretically in equation 3.
where P v is the power absorbed in the unit volume of the load (in W/m 3 ), f is the microwave frequency (in Hz), ε 0 is the permittivity of free space (in F/m), εЉ is the dielectric loss factor of the load minus the relative value (1), and E is the strength of the electric field inside the load (in V/m).
By substitution of values, f is equal to 18 GHz, ε 0 is equal to 8.85 ϫ 10 Ϫ12 F/m, εЉ is equal to 36.34, and E is equal to 300 V/m, and using equation 3, the absorbed power was calculated to be at approximately 1,400 kW/m 3 . A comparison of these analyses (absorbed power calculated using equations 2 and 3 and the software simulation) highlighted the consistency between the experimental and modeling results.
Furthermore, it was determined that the total biomass of the bacteria in the suspension was significantly lower than the total mass of water in the suspension and therefore could be taken as negligible for the purposes of modeling calculations. (Multiplying the approximate number of cells in the suspension [0.8 ϫ 10 8 cells/ml] by the generally accepted average mass of a single E. coli cell [9.5 ϫ 10
Ϫ13 g] [23] indicated that the overall biomass in the bacterial suspension was approximately 1.52 ϫ 10 Ϫ7 g [in a 2-ml suspension], which could be regarded as an insignificant mass.)
Based on previously reported data regarding the dielectric properties of bacterial cells and organelles (11, 18, 26, 30) , it was assumed that the dielectric loss factor of the bacterial sample was lower than that for the surrounding liquid. The heating within a heterogeneous system can be expressed by the ratios of the temperature rise rate:
where ⌬T/⌬t is the rate of temperature rise, C water is the specific heat capacity (in kJ/kg K) for water and bacteria, and w and b are the densities (in kg/m 3 ) of water and the bacteria.
Thus, the rate of change in temperature of the bacteria would be lower than that for the surrounding liquid. The changes in the dielectric properties during microwave processing was considered insignificant due to the fact that in the temperature interval from 20°C to 40°C, dielectric loss does not change by more than 10% (31).
The average dielectric constant of the bacterial suspension was therefore assumed to be that of water at 18 GHz (ε r ϭ εЈ ϩ jεЉ ϭ 44 ϩ j36) (where ε r is the dimensionless relative complex permittivity and j represents the imaginary unit) (36) . Similarly, the specific heat of the total sample was taken as that of water.
In order to determine whether the temperature inside the bacterial cells was the same as that of the surrounding medium, the depth of penetration of MW radiation was also determined using equations 5 to 7. At a frequency of 18 GHz, the wavelength of the microwave in a vacuum was calculated, using equation 3, to be 16.7 mm. 
where 18 is the wavelength of the microwave in a vacuum at 18 GHz, m is the length in meters, and s is the time in seconds. The wavelength in water was determined to be 2.34 mm using equation 6.
where water is the wavelength of the microwave in water, is the wavelength of the microwave in a vacuum (16.7 mm), ε r Ј is the static relative permittivity of water (εЈ ϭ 44 at 25°C and 18 GHz), and tan ␦ is the loss tangent (tan ␦ ϭ 0.821 at 25°C and 18 GHz). From this calculation, the depth of penetration of microwave radiation into the sample was determined to be 1.04 mm (equation 7).
where Z is the depth of penetration (power/energy), is the wavelength of the microwave in a vacuum, ε r Ј is the static relative permittivity of water (εЈ ϭ 44 at
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25°C and 18 GHz), and tan ␦ is the loss tangent (tan ␦ ϭ 0.821 at 25°C and 18 GHz). Given that the total depth of the sample in the micro-petri dish was calculated to be 1.00 mm, it was assumed that complete penetration was achieved. In light of the assumptions and calculations, the temperature inside the bacterial cells was suggested to be the same as the temperature in the surrounding medium.
RESULTS AND DISCUSSION
The SEM analysis in the present study revealed that E. coli cells that were dried for 60 s following exposure to MW radiation exhibited a cell morphology different than that of all other treatment groups (Fig. 3) . As can be seen from the images in Fig. 3a and b, up to 98% Ϯ 1% of the cells had a dehydrated appearance, in contrast to all control groups, where no change in morphology was observed (Fig. 3c to f) . Statistical analysis revealed a significant difference between these data: t(18) ϭ 8.77; P Ͻ 0.05 [where t is the ratio of the departure of an estimated parameter from its notional value and its standard error and (18) represents the degrees of freedom].
Cell viability experiments revealed that up to 87.7% Ϯ 4% of MW-treated E. coli cells and 89.9% Ϯ 2% of E. coli cells after Peltier plate treatment remained viable and were recovered on nutrient agar plates. A statistical analysis of the data revealed that no significant differences existed between the two treatment groups (P Ͼ 0.05). It can be inferred from these results that the specific MW effect was not bactericidal under the current experimental conditions. The small reduction in bacterial cell numbers following both MW and Peltier plate processing was therefore most likely due to thermal shock. It had been reported previously that even slight increases in temperature can have weak bactericidal effects (4). Our previous studies (27, 28) , which accomplished nearly complete bacterial inactivation following exposure to MW radiation, were performed at 45°C, suggesting that by varying certain experimental conditions, such as temperature and/or osmolarity, a diversity of specific MW effects may be manifested.
Our current observations allow us to postulate that the application of MW radiation might cause disruption of the cellular membrane so that the cytosolic fluids within the E. coli cells are able to pass through the membrane. This effect, however, appeared to be temporary, as the shape of the cells appears to have recovered within 10 min after the application of MW radiation ( Fig. 3c and d) . This was most likely due to the reabsorption of the fluids into cells. The morphology of all Peltier plate-treated cells (Fig. 3g and h ) examined immediately following treatment appeared unaffected and identical to that of untreated control cells. To our knowledge, no data are currently available regarding the observation of specific effects of MW radiation on the morphology of prokaryotic cells.
Interestingly, however, our findings appeared to be in agreement with the results reported for eukaryotic cells by Chang and Reese (7), who observed the shrinkage of human red blood cells following electroporation caused by the application of a pulsed radiofrequency electric field in a hypo-osmotic medium (notably, a continuous-wave electric field was generated as a result of the MW treatment in the present study). Using SEM, the authors also observed that within 30 s, all cells had swelled back to their original morphology. It was concluded that the shrinkage was the result of a rapid escape of cellular material via pores formed in the membrane (7). The study did not report data pertaining to the resulting cell physiological condition(s).
In order to evaluate whether MW radiation affected the cell membrane integrity and caused pore formation within cellular membranes, high-molecular-mass (150-kDa) FITC-dextran fluorescent probes were used in the present study. Dextran molecules are relatively uncharged and therefore predominantly unaffected directly by the presence of an electric field. This simple assay was used to determine whether pores were formed during MW exposure, thus allowing the free-floating dextran molecules to penetrate the cell membrane during the rehydration process and to remain trapped inside the cell. As can be seen in Fig. 4b , all MW-treated cells appeared to have ingested the dextran molecules, whereas only 17% Ϯ 3% of the untreated controls (Fig. 4a) and 13% Ϯ 4% of the Peltier plate-treated cells (Fig. 4c ) appeared fluorescent. A subsequent statistical analysis indicated that there was a significant difference in the number of fluorescent MW-treated cells compared to the thermally heated and untreated controls [t(13) ϭ 6.34; P Ͻ 0.05]. It is proposed that the minor amount of fluorescence observed for the control and Peltier plate-treated cells was most likely a result of cell membrane damage caused by the centrifugation of the cell suspensions.
The size of the dextran probes was calculated to be 15.9 nm. Given that the dextran molecules were able to pass through the cell membrane, it can be concluded that the sizes of pores formed within the E. coli cell membrane were equal to or larger than the diameter of each dextran probe, i.e., 15.9 nm. The actual sizes of pores formed within the cell membrane were not determined in the present study. This finding is consistent with previous pulse-induced reversible electroporation studies, where pore sizes of approximately 11 nm were detected using 70-kDa FITC-dextran probes. Images obtained using rapid-freezing electron microscopy, together with estimations using theoretical models (21) , have suggested that pore diameters as large as 120 nm can be induced using electric fields where reversible electroporation occurs. The overall conclusion of this section of the study supported the SEM results, indicating that MW radiation exposure under the specified settings caused reversible MW-induced poration of the E. coli cell membrane and that this behavior appeared to be similar to that observed for traditional reversible electroporation processes. General discussion. The vast majority of the data reported previously has been inferred from experiments completed at temperatures in the range of 45°C to 60°C, which are near or greater than the thermal degradation points of the target organisms, thus making it very difficult, if not impossible, to make a clear distinction between the thermal-and nonthermal-specific effects of MW radiation (19, 35) . At these temperatures, protein denaturation and breakdown of cell membrane structures, as well as the disruption of replication machinery, occur (4, 28) . While the above-mentioned studies reported different findings when MW was used than when conventional heating methods were used, the results in many of these publications cannot be used for interpreting the heat-independent effects of MW radiation because of the experimental temperatures employed. Furthermore, replication of studies that have suggested the existence of specific MW effects at sublethal temperatures has generally been unsuccessful, due to the great variability in the experimental conditions, such as MW frequency and power and exposure times. It has been shown that the manifestation of specific MW effects on microorganisms has been observed only when particular combinations of these factors are present (3, 4, 27) .
The challenge in investigating the specific effects of MW exposure on microorganisms at sublethal temperatures involves the inherent difficulty in measuring the temperature of a sample during microwave processing and the inaccuracies in measurement that can result. The first source of inaccuracy is the presence of an uneven electric field distribution inside the microwave cavity. The microwaves within the enclosed cavity experience numerous reflections and produce a constructivedestructive interference pattern within the cavity that creates localized "hot spots." A hot spot is a thermal irregularity that arises because of the nonlinear dependence of the electromagnetic and thermal properties of the material on temperature. This effect leads to nonuniform power absorption by the sample, which in turn leads to nonuniform heating and temperature distribution within the sample. In the present study, this effect was diminished by placing the sample on a ceramic pedestal that made the field distribution relatively even. This arose from the dielectric properties of the ceramic block, which allowed the concentration of the electric field around the sample, causing a uniform power distribution throughout the sample. Furthermore, as the calculated wavelength of microwaves in the cavity (2.34 mm) was much greater than the dimensions of each bacterial cell, the possibility of uneven heating due to nonuniform field distribution was negligible.
Since the cell morphology following Peltier plate heating appeared identical to that of the control, it can be assumed that the specific effect of MW radiation was due to a direct electromagnetic interaction with the bacterial cells. In the experiments reported in this study, such direct electromagnetic interactions affected the cellular membrane, causing the reversible development of cell membrane pores accompanied by the leakage of cytosolic fluids through these pores. This observation has led to the suggestion that a possible specific effect of MW radiation at sublethal temperatures on bacteria is similar to that of electroporation of the cell membrane. Electroporation is the production of pores in a cell membrane by the application of transverse electric fields (32) . It has been determined from observations of substances being transported into and out of cells (24) , freeze fracture studies (7), and measurements determining the change in membrane impedance after direct-current treatment of cells (16) that electroporation allows normally nonpermeant matter to diffuse freely through the membranes (34) . While the exact mechanisms by which the electrical pulses cause the cell membrane to be permeabilized are not yet fully understood, it is thought that the electric field causes localized structural rearrangements within the cell membrane (32) , resulting in the formation of pores that allow the free transport of ionic and molecular material through the cell wall (33) . Depending on the field strength and exposure time, the subsequent removal of the electric field may then allow the cell membrane to regain its structural integrity (8) .
Analysis of the SEM images obtained for E. coli in the present study, the visual reversibility of the MW effect, and the uptake of fluorescent dextran probes in MW-treated cells suggests that under current experimental conditions MW radiation caused reversible MW-induced poration whose morphological manifestation was similar to that observed in traditional electroporation using pulsed fields. Electromagnetic fields in the MW frequencies are known to significantly increase the conductivity and permeability of materials (5), particularly due to enhanced diffusion (1) and enhanced mobility of ions (6) . In comparison to traditional electroporation caused by direct currents, high-frequency electromagnetic fields amplify all of the kinetic processes, unlike low-frequency fields. This is because ions cross the cell membrane under two influences: diffusion and the application of an electric field (9) . High-frequency electromagnetic fields, which change the direction of ion movement at an approximate rate of 10 10 times per second, enhance both of these effects. This study is, to the best of our knowledge, the first of its kind to provide evidence of the reversible leakage of cellular cytosolic fluids and a visual representation of the morphological changes occurring in E. coli cells following exposure to continuous-wave MW radiation at sublethal temperatures. Given that electro-osmosis occurred as a result of the pores formed by the exposure to MW radiation, the MW-bacterialcell interaction was described as electrokinetic in nature. An electrokinetic phenomenon, in particular electro-osmosis, refers to a motion of liquid in a porous body under the influence of an electric field (15) . We propose that molecular transport caused by the MW radiation is controlled by electrokinetic mechanisms that increase transport rates, i.e., a dynamic interaction of the microwave field and the cell involving both membrane charging and discharging controls electrical behavior and molecular transport. The important role of electrokinetics is supported by the analyses based on electrohydrodynamic theory and our numerical simulations and experimental results. Further detailed investigations are required to more fully understand the mechanisms by which microwaves interact with bacterial cells. A study of the extent of pore formation and pore size within the cell membrane as a result of MW exposure will be required before this technique can be used in industrial and biomedical applications.
In summary, the results of this study indicate that the interaction of continuous-wave MW radiation at sublethal temperatures with bacteria appears to be electrokinetic in nature. Temporary changes in cell morphology and the uptake of fluorescent probes suggest that during MW treatment pores are formed within the bacterial cell membrane. The observed reversibility of the dehydration effect, together with the lack of bactericidal effects, suggests that this treatment method has the potential to be applied to a range of bioindustrial and biomedical applications.
